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Crystal Structure of UAP56, a DExD/H-Box Protein
Involved in Pre-mRNA Splicing and mRNA Export
The subsequent joining of the U4/U6.U5 tri-snRNP re-
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There are numerous rearrangements of RNA/RNA andUAP56 is an essential eukaryotic pre-mRNA splicing
RNA/protein interaction during the spliceosome assem-factor and mRNA export factor. The mechanisms of
bly process. For example, SF1 recognizes the BPS inits functions are not well understood. We determined
the formation of the E complex, but must be removedthe crystal structures of the N- and C-terminal do-
to allow base pairing between BPS and U2 snRNP inmains of human UAP56 (comprising 90% of the full-
the formation of the A complex. The spliceosome as-length UAP56) at 1.9 A˚ resolution. The two domains
sembly is highly ATP dependent, and a number of DExD/each have a RecA-like fold and are connected by a
H-box proteins are required at various stages of theflexible linker. The overall fold of each domain is highly
spliceosome assembly (reviewed in Staley and Guthrie,similar to the corresponding domains of eIF4A (a pro-
1998). The DExD/H-box proteins belong to the SF2 (su-totypic DExD/H-box protein), with differences at the
per family 2) helicases; they contain the characteristicloops and termini. This structural similarity suggests
ATP binding and hydrolysis motifs (Walker A and B mo-that UAP56 is likely to possess ATPase and helicase
tifs), and their Walker B motif often takes the form ofactivity similar to eIF4A. The NTP binding pocket of
DExD/H (reviewed in Tanner and Linder, 2001). TheseUAP56 is occupied by a citrate ion, mimicking the
DExD/H-box proteins were proposed to rearrange RNA/phosphates of NTP and retaining the P loop in an open
RNA and RNA/protein interactions in spliceosome as-conformation. The crystal structure of the N-terminal
sembly using the energy of ATP hydrolysis. Some DExD/domain of UAP56 also reveals a dimer interface that
H-box proteins have been shown to unwind short RNAis potentially important for UAP56’s function.
duplexes in vitro (Laggerbauer et al., 1998; Rogers et
al., 1999; Wang et al., 1998), and a recent report demon-
Introduction strates that they can also displace proteins without un-
winding RNA duplexes (Fairman et al., 2004).
In eukaryotes, DNA is transcribed into pre-mRNA, which Human UAP56 is a DExD/H-box protein that was first
undergoes a series of processing events, including identified through its association with U2AF65 (Fleckner
splicing, 5 capping, and 3 cleavage/polyadenylation. et al., 1997). UAP56 is an essential splicing factor and
The processed mRNA is then exported from the nucleus is required for the first ATP-dependent spliceosome as-
to the cytoplasm for translation. The majority of pre- sembly step: the formation of the A complex (Fleckner
mRNAs are spliced by the major spliceosome, a large et al., 1997). Sub2 (the yeast UAP56 homolog) is also
RNA/protein complex composed of five small nuclear essential for splicing in yeast, and mutants in this protein
ribonucleoproteins (snRNPs) and numerous non-snRNP affect early steps of spliceosome assembly (Kistler and
related proteins (reviewed in Hastings and Krainer, Guthrie, 2001; Libri et al., 2001; Zhang and Green, 2001).
2001). The traditional model proposes that the spliceo- The specific mechanism of how UAP56 facilitates splic-
some assembles in a stepwise manner and forms the ing, however, is unclear.
E, A, B, and C complexes sequentially (reviewed in Hast- UAP56 has also been shown to be an essential mRNA
ings and Krainer, 2001; Moore et al., 1993). The formation export factor in various systems (Herold et al., 2003;
of the E complex involves the recognition of the 5ss Jensen et al., 2001; Macmorris et al., 2003). Export of
(splicing site) by U1 snRNA, the BPS (branch point se- mRNAs is mediated through a hetereodimeric transport
quence) by SF1 (splicing factor 1), the PYT (poly pyrimi- receptor (NXF1/p15 in metazoa) that binds to the mRNA
dine tract) by U2AF65, and the AG sequence at the 3ss cargo (directly or indirectly) and translocates the cargo
by U2AF35. Next, U2 snRNA base pairs with the BPS, across the nuclear pore complex. Genome-wide analy-
creating the A complex in an ATP-dependent manner. ses of mRNA export pathways in Drosophila show that
UAP56 and NXF1/p15 act in the same pathway responsi-
ble for the export of most mRNAs (Herold et al., 2003).*Correspondence: rui.zhao@uchsc.edu
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In C. elegans, RNAi of UAP56 strongly suppress the C-terminal domains crystallized and diffracted to 1.9 A˚
at a synchrotron source (Table 1). Structures of bothexpression of the reporter GFP gene due to nuclear
retention of its mRNA (Macmorris et al., 2003). Overex- domains were determined using Se-Met MAD methods
and refined to 1.9 A˚ resolution.pression of UAP56 also results in rapid loss of GFP
expression and lethality at all stages of development, The N-terminal domain of UAP56 crystallized in space
group P21, and there are two molecules in one asymmet-implying that the level of UAP56 in the cell is critical for
normal cell function. Yra1, an essential yeast export ric unit. Models for the two molecules were built inde-
pendently, and noncrystallographic symmetry was notfactor, interacts with both Sub2 and the Mex67/Mtr2
complex (the yeast NXF1/p15 homolog) and has been used during refinement. All loops and the C termini of
both monomers can be clearly traced in the electronproposed to be the adaptor between Sub2 and Mex67/
Mtr2 (Strasser and Hurt, 2001). Aly (the Yra1 homolog density maps. The N-terminal 11 residues of both mono-
mers are disordered. Structures of the two monomersin higher eukaryotes) also interacts with UAP56 (Luo et
al., 2001) but is not essential for export (Gatfield and are highly similar, with a root-mean-square deviation
(rmsd) of 0.5 A˚ for all C atoms. All subsequent discus-Izaurralde, 2002; Macmorris et al., 2003), suggesting the
existence of other adaptor proteins in higher eukaryotes. sions are based on monomer A.
The N-terminal domain is an / structure with aBoth UAP56 and Aly are part of the Trex (transcript/
export) complex, which couples transcription and mRNA RecA-like fold (Figure 2A). There are seven parallel 
strands surrounded by five helices (1–5) on one sideexport (Strasser et al., 2002).
UAP56 has 35% sequence identity with the prototypic and four helices on the other (6–9). The overall fold
of the N-terminal domain is similar to the N-terminalDExD/H-box protein eIF4A (eukaryotic initiation factor
4A). eIF4A has ATPase activity and can unwind short domain of eIF4A and mjDEAD (Caruthers et al., 2000;
Story et al., 2001). The seven  strands between UAP56RNA duplexes in vitro (Rogers et al., 1999). eIF4A con-
sists of roughly 400 amino acids and is the smallest and eIF4A N-terminal domains can be superimposed
with an rmsd of 0.94 A˚ among the 42 C atoms (Figureprotein with demonstrated helicase activity. The crystal
structure of eIF4A is composed of two RecA-like do- 2B). The  helices display slight positional shifts when
the  strands are superimposed, with the largest shiftmains connected by an 11 amino acid flexible linker
(Benz et al., 1999; Caruthers et al., 2000; Johnson and occurring at 6 (rmsd 3.1 A˚ for C atoms between the
two proteins). Many of the loops (for example, the loopsMcKay, 1999). The crystal structure of another DExD/
H-box protein from an unknown open reading frame labeled 1 and 2 in Figure 2B) and the N terminus show
significant differences between the two structures. Inin Methanococcus jannaschii (abbreviated as mjDEAD)
was also solved (Story et al., 2001). MjDEAD is also eIF4A, the N terminus forms a short antiparallel  strand
which interacts with 1 and extends the seven-strandroughly 400 amino acids in length, but it has a compact
two-domain structure without a flexible linker. Here we  sheet to eight strands. The corresponding residues in
the N terminus of UAP56 (residues 34–44) are disor-report the 1.9 A˚ resolution crystal structures of the
N-terminal and C-terminal domains of human UAP56 dered, consistent with the limited proteolysis result.
The C-terminal domain of UAP56 also has a RecA-(comprising 90% of the full-length UAP56). The crystal
structure shows that each domain of UAP56 has a similar like fold (Figure 2C). The seven parallel  strands are
surrounded by two helices (1–2) on one side and threeoverall fold as eIF4A and reveals the potential conforma-
tional changes caused by ATP binding, as well as a helices (3–6) on the other. The overall fold of this
domain is similar to the C-terminal domain of eIF4A. Thedimer interface for UAP56. The structure accentuates
the likelihood that UAP56 possesses ATPase/helicase central seven  strands can be superimposed with an
rmsd of 0.85 A˚ among the 45 C atoms (Figure 2D).activities as well as the importance of further investiga-
tion of the roles of these activities in UAP56’s function. The positional shifts of the  helices between the two
structures are much smaller than those in the N-terminal
domains (Figure 2B and 2D) with the exception of the
Results and Discussion 4 helix. 4 in UAP56 forms a short one-turn helix close
to the 5 strand. The rest of the peptide chain connect-
Overall Structure of UAP56 ing 4 strand and 4 helix is in an extended loop confor-
Sequence alignments among UAP56, eIF4A, and mjDEAD mation. In eIF4A, however, the 4 helix is longer and is
indicate that UAP56, similar to eIF4A, is composed of two located close to the 4 strand instead of the 5 strand
domains connected with a flexible linker around residue (Figure 2D). The C terminus is disordered from residue
260 (Figure 1). Limited proteolysis of UAP56 with trypsin 416 to 424 in UAP56 but is ordered in eIF4A (Figure 2D).
confirmed this hypothesis, generating three trypsin- Most of the loops in the C-terminal domain have similar
resistant fragments that roughly correspond to residues conformations between the two structures. The only
37–428, 1–255, and 37–255. The N termini of these frag- loop whose conformation has changed dramatically is
ments were determined by N-terminal sequencing, and the loop connecting the 5 helix and 6 strand (Figure
the C termini were estimated based on the size of the 2D, indicated by number 1). In addition, part of this
fragments. Based on these results and the exact termi- loop is disordered in eIF4A but is completely ordered
nal residues in the existing eIF4A crystal structures in UAP56. In general, the C-terminal domain has a higher
(Benz et al., 1999; Caruthers et al., 2000; Johnson and structural similarity between UAP56 and eIF4A than the
McKay, 1999), an N-terminal domain (residues 34–251) N-terminal domain.
and a C-terminal domain (residues 259–428) were ex- The full-length eIF4A structure is also known (Caruth-
ers et al., 2000). It has a dumbbell shape with an 11pressed in E. coli and purified. Both the N-terminal and
Crystal Structure of UAP56
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Figure 1. Sequence Alignment of UAP56, eIF4A, and mjDEAD
Red indicates high-consensus residues (90% conserved), and blue indicates low-consensus residues (50%–89% conserved). Conserved
helicases motifs are shown in boxes. Secondary structural elements as they are seen in the UAP56 crystal structure are labeled on top of
the sequence. Notice the linker region around residue 260, which is absent from mjDEAD. The figure was prepared using the program Multalin
(Corpet, 1988).
amino acid flexible linker connecting the N-terminal and mains. DNA has been observed to bind in a cleft formed
between the / domains and the  domains. The DNAC-terminal domains. Sequence alignment and limited
proteolysis indicate that UAP56 also contains a flexible contacts motifs Ia, Ib, IV, and V. The hepatitis C virus
(HCV) NS3 protein is a DExD/H-box protein that containslinker between the two domains (Figure 1). A full-length
UAP56 model is generated by superimposing the do- three domains (two / domains and a third  domain).
Although the two / domains do not have extensivemains of UAP56 onto the corresponding domains of full-
length eIF4A (Figure 2E). In this model, the last residue interaction, the relative orientations of the two / do-
mains are similar to those in the SF1 helicases, andof the N-terminal domain and the first residue of the
C-terminal domain are 28 A˚ apart, and a 9 amino acid consequently, all eight conserved helicase motifs face
the cleft between the two / domains (Kim et al., 1998).flexible linker connects the two domains.
The two DNA helicases (Rep and PcrA [Korolev et al., The situation of several cellular DExD/H-box proteins,
however, is different. In eIF4A and UAP56, a relatively1997; Velankar et al., 1999]) from SF1 (super family 1)
with known structures both contain four domains (two long flexible linker connects the two domains. The rela-
tive orientations of these two domains in EIF4A are very/ domains and two  domains). The two / domains
correspond to the N-terminal and C-terminal / do- different compared to the SF1 helicases. Moreover, the
crystal structure of eIF4A may have just captured onemains observed in DExD/H-box proteins and contain
the canonical helicase motifs. Unlike UAP56, the two particular orientation of these two domains, and these
two domains may not have a fixed relative orientation in/ domains in these helicases are tightly packed
against each other. The conserved motifs are close to solution. Although mjDEAD has a compact two-domain
structure without an obvious linker, the two domainseach other and face the cleft between the two / do-
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Table 1. Data Collection and Refinement Statistics
N-Terminal Domain
Data Collection
Space group P21, a  49.45, b  47.28, c  87.19 A˚,   98.227
Se-Met
Native Peak Inflection Remote
Resolution (A˚)a 1.94 2.4 2.4 3.0
Wavelength (A˚) 0.97934 0.97921 0.97923 0.96417
Redundancyb 5.1 (4.4) 5.5 (4.8) 5.4 (3.9) 5.7 (5.5)
Completeness (%) 97.9 (98.7) 93.3 (88.9) 91.8 (81.1) 93.1 (95.2)
Rmergec 0.06 (0.45) 0.135 (0.335) 0.128 (0.381) 0.122 (0.353)
I/(I) 25.5 (5.4) 12.6 (3.9) 11.0 (2.7) 15.9 (5.5)
Phasing Statistics
Resolution shell (A˚) 9.91 6.56 5.22 4.46 3.96 3.60 3.32 3.10
Figure of merit 0.81 0.77 0.74 0.74 0.69 0.63 0.54 0.46
Mean figure of merit 0.64
Refinement Statistics (|F|  0)
Resolution (A˚) 30–1.94
Rworking (number of reflections) 0.216
Rfreed (number of reflections) 0.255
Number of protein atoms 3308
Number of nonprotein atoms 26 atoms for citrate ion and 319 water molecules
Rmsd from ideal bond length (A˚) 0.006
Rmsd from ideal bond angle () 1.321
Ramachandran statistics
Most favored 337 residues
Additionally allowed 29 residues








Resolution (A˚) 1.90 2.7 2.7 3.0
Wavelength (A˚) 1.03320 0.97934 0.97949 0.96411
Redundancy 3.6 (1.7) 7.3 (7.1) 6.4 (6.1) 5.6 (5.5)
Completeness (%) 95.8 (72.0) 100.0 (100.0) 98.9 (100.0) 98.9 (99.5)
Rmerge 0.06 (0.258) 0.084 (0.316) 0.091 (0.312) 0.077 (0.310)
I/(I) 20.8 (2.8) 27.6 (6.5) 27.0 (7.4) 23.7 (6.0)
Phasing Statistics
Resolution shell (A˚) 9.92 6.57 5.23 4.47 3.96 3.60 3.32 3.10
Figure of merit 0.70 0.77 0.67 0.58 0.56 0.49 0.46 0.37
Mean figure of merit 0.54
Refinement Statistics (|F|  0)
Resolution (A˚) 30–1.90
Rworking (number of reflections) 0.224
Rfree (number of reflections) 0.268
Number of protein atoms 1311
Number of nonprotein atoms 87 water molecules
Rmsd from ideal bond length (A˚) 0.006
Rmsd from ideal bond angle () 1.343
Ramachandran statistics
Most favored 135 residues
Additionally allowed 11 residues
Generously allowed 0 residues
Disallowed 0 residues
a Although the N-terminal domain was actually refined to 1.94 A˚, it was referred as a 1.9 A˚ resolution structure in the text for simplicity.
b Numbers in parenthesis represent values for the highest resolution bin.
c Rmerge  |Iobs 	 Iavg|/Iavg.
d Rfree was calculated with 7% of reflections.
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Figure 2. Structure of UAP56 and Comparison with eIF4A
(A) Structure of the N-terminal domain of UAP56 showing a typical RecA-like fold. The protein from the N terminus to the C terminus is colored
from blue to red continuously in a rainbow spectrum. All figures were produced using the program PyMOL (DeLano, 2002) unless otherwise
stated.
(B) Superimposition of the N-terminal domains of UAP56 (cyan) and eIF4A (yellow). The overall fold is similar, but loops and termini show
differences. Numbers 1 and 2 highlight two of the most different loop conformations.
(C) Structure of the C-terminal domain of UAP56 showing a typical RecA-like fold. The protein from the N terminus to the C terminus is colored
from blue to red continuously in a rainbow spectrum. The black dashed line represents the disordered region in the C terminus.
(D) Superimposition of the C-terminal domains of UAP56 (cyan) and eIF4A (wheat). The overall fold is similar. The largest differences occur
at helix 4, the 5/6 loop (indicated by number 1), and the C termini (the blue dashed line represents the disordered region in the UAP56 C
terminus). Relevant secondary structures in UAP56 are labeled in black. Wheat colored N and C represent the N terminus and C terminus of
eIF4A. Cyan colored N, C, and numbers represent the N terminus, C terminus, and residue numbers in UAP56.
(E) The full-length UAP56 model generated by superimposing the N-terminal and C-terminal domains on the corresponding domains in the
full-length eIF4A structure. The black dashed line represents the flexible linker between the N-terminal and C-terminal domains. Conserved
helicase motifs are mapped on the structure in different colors and labeled I to VI.
(F) The full-length UAP56 model in a closed conformation generated by superimposing the N-terminal and C-terminal domains on the two
/ domains of HCV NS3. The dashed line represents the linker between the N-terminal and C-terminal domains. Conserved helicase motifs
are mapped on the structure in different colors and labeled I to VI.
are in an open conformation, and many of the conserved tional change in these DExD/H-box proteins, bringing
the two domains, as well as the helicase motifs, closerhelicase motifs in the two domains are far from each
other (Story et al., 2001). One possibility is that ATP together. Indeed, it has been observed that ATP and
RNA binding changes the protease digestion pattern inand/or substrate binding induces a dramatic conforma-
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eIF4A (Lorsch and Herschlag, 1998). A full-length UAP56
model reflecting this closed conformation is depicted
in Figure 2F by superimposing the N-terminal and C-ter-
minal domains of UAP56 onto the two / domains of
HCV NS3.
An alternative explanation for the different domain
organization in many DExD/H proteins is that these pro-
teins could use a different mechanism to fulfill their func-
tions. Notice that these DExD/H-box proteins are pro-
posed to remodel local RNA conformations (Staley and
Guthrie, 1998) or displace protein factors without duplex
unwinding (Fairman et al., 2004). In contrast, the tradi-
tional DNA helicases unwind long stretches of DNA with
high processivity but without sequence specificity. The
structural and potentially mechanistic differences may
be a reflection of the functional differences between
DExD/H-box proteins and traditional DNA helicases.
It is not yet known whether UAP56 binds RNA and
has in vitro ATPase and helicase activities. The high
similarity between UAP56 and eIF4A argues strongly for
the possibility that UAP56 does possess these activities,
although it remains to be determined whether these
activities are required for UAP56’s function in splicing
and export.
Conserved Helicase Motifs
UAP56, like all other DExD/H-box proteins, contains
eight conserved helicase motifs (Figures 1 and 2E).
Structural and functional analyses of several SF1 and
SF2 helicases have revealed general roles of these mo-
tifs (reviewed in Caruthers and McKay, 2002; Tanner
and Linder, 2001). Motif I (also called Walker A motif) is
Figure 3. The Potential NTP Binding Site in UAP56located on a loop (also called the P loop) between a 
(A) Specific interactions in the NTP binding pocket. Residues instrand andhelix and binds the phosphate of NTP. Motif
helicase motif I (94–96), motif II (196–199), and motif III (228–230)II (Walker B motif) interacts with the  and 
 phosphates
and the citrate ion are shown. Dashed lines denote hydrogen bonds.
through a coordinated Mg2 and is probably involved in The blue mesh represents the positive Fo 	 Fc density (contoured
catalysis as well. Motifs Ia, Ib, IV, and V are involved at 2.5 level) before the citrate ion was added to the model.
(B) Different conformations of the P loop in UAP56 (cyan), the eIF4Ain DNA binding in SF1 helicases. Motifs III and VI are
N-terminal domain structure from Benz et al. (1999) (purple), andproposed to link NTP binding and hydrolysis with con-
the eIF4A structure from Johnson and McKay (1999) (wheat). Theformational changes required for helicase activity.
three structures are superimposed on their 4 helix. Residues inThe N-terminal domain of UAP56 contains motifs I–III
motifs I–III and the citrate ion from UAP56 are also shown.
and is the NTP binding domain. The N-terminal domain
reported here was solved without any added NTP. How-
ever, the Fo 	 Fc map shows clear positive density (Fig- Johnson and McKay (1999), the NTP binding pocket is
empty, and the P loop is in a closed state which wouldure 3A) in the NTP binding pocket for a citrate ion (the
crystallization condition contains 0.1 M sodium citrate). sterically conflict with the NTP if present (Figure 3B,
wheat color). In the structure reported by Benz et al.The position of the citrate ion is highly similar to the
position of the three phosphate groups of ATP in other (1999), there is a sulfate ion in the NTP binding pocket,
and the P loop is in an open conformation (Figure 3B,known DNA helicase structures (i.e., in PcrA [Velankar
et al., 1999]). K95 and T96 in motif I both form hydrogen purple color). In the UAP56 N-terminal domain structure,
the P loop opens up further and creates an even largerbonds with the oxygen atoms of citrate, mimicking the
interaction between motif I and the phosphates of NTP space in the NTP binding pocket (Figure 3B, cyan color).
This is probably due to the existence of the citrate ion(Figure 3A). T96 in motif I and D196 in motif II both
form hydrogen bonds with a water molecule, probably whose size is similar to three phosphate groups and is
much larger than the sulfate ion in the NTP bindingmimicking the interaction between these residues with
an Mg2 ion. Residue T230 in motif III makes a hydrogen pocket. These different P loop states may reflect local
conformational changes associated with NTP binding,bond with the last residue (D199) in motif II. This interac-
tion has been proposed to couple ATP binding/hydroly- hydrolysis, and release.
sis and conformational changes in the helicase.
The N-terminal domain structure of eIF4A was deter- Dimer Structure
It is not clear whether the functional form of most DExD/mined independently by two groups (Benz et al., 1999;
Johnson and McKay, 1999). In the structure reported by H-box proteins is a dimer or monomer. Full-length
Crystal Structure of UAP56
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Figure 4. The Two Monomers in the Asym-
metric Unit of the UAP56 N-Terminal Domain
Crystal
The 2-fold axis relating the two monomers
and key secondary structural elements con-
tributing to the dimer interaction are labeled.
UAP56 (49 kDa) migrates between a monomer and a tallographic 21 fold symmetry also has an extensive in-
teraction network and a large buried surface (1632 A˚2dimer on a gel filtration column (70 kDa). UAP56 is likely
to migrate abnormally on a gel filtration column due to for both monomers). We will refer to the dimer interface
discussed in the previous paragraph as the first dimerthe existence of the flexible linker. A yeast two-hybrid
experiment shows that the most frequent interaction interface and the one described in this paragraph as the
second dimer interface. In the second dimer interface,partner for human UAP56 (103 of the total 117 positive
clones) is either itself or a close paralogue (DDX39, 91% the 8 and 9 helices from one monomer interact with
mostly loop regions from another monomer (the 9/7,sequence identity with UAP56), indicating that it exists
as a homo- or hetereodimer (Lehner et al., 2004). The 8/6, 3/1, and 1/2 loops). There is one salt bridge
between R208 on 8 of one monomer and E221 onN-terminal domain of UAP56 crystallized in space group
P21, and there are two molecules in the asymmetric unit. 8/6 of the other monomer. Most other interactions
are hydrogen bonds between polar residues on 8 ofThe two molecules are related by a noncrystallographic
2-fold axis (Figure 4A). One molecule is slightly trans- one monomer and main chain carbonyl oxygen on vari-
ous loops from another monomer. The second dimerlated (roughly 3 A˚) along the 2-fold axis such that the
5 and 6 helices interact with the 2 helix, 5 helix, arrangement would place the two C-terminal domains
in opposite directions. Although we cannot rule out theand the5/3 loop (instead of interacting with the5 and
6 helices) in the other molecule. The dimer interface has possibility of the second interface being the biologically
relevant dimer interface, 21 symmetry related dimers area buried surface of 1517 A˚ 2 for both monomers, which
is close to the average buried surface area between an rarely observed in biological systems, and mutational
data favors the first interface being the biologically rele-antibody and antigen (1600 A˚2 [Janin and Chothia,
1990]). There are few hydrophobic residues, and most vant dimer interface (see below).
Several Sub2 (the yeast UAP56 homolog) tempera-of the interactions in the dimer interface are salt bridges
and hydrogen bonds between polar residues. Salt brid- ture-sensitive mutants have been isolated showing vari-
ous growth and splicing defects (Kistler and Guthrie,ges are formed between the following residue pairs:
A123R and B62D (A and B designate monomers A and 2001; Libri et al., 2001; Zhang and Green, 2001). These
mutants involve the following residues with their corre-B), A134E and B138K, as well as A156K and B55E. Resi-
dues involved in hydrogen bonds are listed in Table 2. sponding residues in human UAP56 shown in parenthe-
ses: D8G (no corresponding residue in human UAP56;An interesting aspect of the UAP56 N-terminal domain
structure is that the two monomers related by the crys- denotes a mutation from D to G), Q122R (Q105), V134
(L117) deletion, K173G (K156), E175G (E159), Q308R
(Q289), and L405F (L386). Sub2 and UAP56 have a 62%
Table 2. Residues Involved in Hydrogen Bonds Formation in the sequence identity, and UAP56 can serve as a homolo-
N-Terminal Domain Dimer Interface gous model for the structure of Sub2. Among these
mutated residues, L117 is located on 2 of the N-ter-Monomer A Monomer B Distance (A˚)
minal domain and is in the middle of a hydrophobic core.
S130 OGa K138 NZ 3.6
Q105 is located on 3 of the N-terminal domain andK131 NZ C63 O 2.6
forms a hydrogen bond with the main chain nitrogen ofK138 O Q128 NE2 3.0
M140 O K131 NZ 2.6 residue 53 on the 1 helix. Q289 is on 2 of the
E159 OE1 N142 ND2 3.2 C-terminal domain and forms a hydrogen bond with the
K163 NZ N142 OD1 3.3 main chain oxygen of residue 333 on 3. K384 (mutated
K163 O K144 NZ 2.8
to a hydrophobic Phe residue) is on the surface of theN164 OD1 K144 NZ 3.4
C-terminal domain and faces the solvent. L386 is located
a S130 OG designates the OG atom of Ser residue 130. Atom names on 6 of the C-terminal domain within a hydrophobic
follow the standard PDB convention.
core. Mutations of these residues are likely to affect the
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one affinity chromatography and cleaved by thrombin. The eluantstability of the protein. Interestingly, two other mutants
containing UAP56 was concentrated and further purified with aoccur on residues K156 and E159, which are both lo-
Superdex-200 gel filtration column. Se-Met-containing proteinscated in the first dimer interface and participate in dimer-
were produced by growing cells in minimum media (containing all
ization. Mutations of these residues potentially weaken 19 amino acids except for Met) and adding 120 mg DL-Set-Met
the dimer interaction and create the temperature-sensi- before induction. Se-Met-containing proteins were purified the same
way as the native proteins.tive phenotype.
Further mutational, biochemical, and functional analy-
sis is required to confirm the biologically relevant dimer Limited Proteolysis
interface and the role of dimer formation in UAP56’s The full-length UAP56 was incubated with 1/1000 (weight ratio) of
trypsin at room temperature for 0, 5, 15, 30, and 60 min. The digestionfunction in splicing and export. It is also interesting to
was stopped by adding an equal volume of 2 SDS loading bufferspeculate whether the other protein surface in UAP56,
and boiling for 5 min. The samples were then loaded onto a SDSforming the non-biologically relevant dimer interface,
polyacrylamide gel and stained with Coomassie blue.
participates in interactions with other protein partners
of UAP56 (for example, U2AF65 or Aly).
Crystallization and Structural DeterminationIn sum, UAP56 is composed of two domains con-
Both the N-terminal and C-terminal domains were concentrated tonected by a flexible linker. Both the N-terminal and
10 mg/ml and were crystallized with the hanging drop vapor diffusion
C-terminal domains have an overall fold that is similar to method at 18C. The reservoir solution for the N-terminal domain
eIF4A with differences in loops and termini. NTP binding contains 0.1 M sodium citrate (pH 5.6) and 28% PEG MME2000.
Crystals were transferred to 0.1 M sodium citrate (pH 5.6) with 30%potentially causes local conformational changes of the
PEG MME2000 and soaked for 15 min before being flash cooled inP loop as well as bringing the C-terminal and N-terminal
liquid nitrogen. The reservoir solution for the C-terminal domaindomains together. Large numbers of polar residues con-
contains 0.1 M MOPS (pH 6.5), 0.2 M NaCl, and 1.8 M sodium/tribute to the formation of the dimer in the asymmetric
potassium phosphate. Crystals were transferred sequentially to the
unit that may be important for UAP56’s function. The above solution containing 2 M, 2.5 M, and 3 M sodium/potassium
crystal structure of UAP56 provides a framework for phosphate and soaked for 5 min in each solution before being flash
cooled in liquid nitrogen. Se-Met-containing proteins were crystal-designing further mutational and functional analyses.
lized under the same conditions as the native protein. Data wereUAP56 was assumed to be a RNA helicase based on
collected at the 19id and 19bm beamlines at the Advanced Photonits sequence similarity with other helicases. This hypoth-
Source and were processed with the HKL2000 package (Otwinowskiesis is much strengthened with the structural similarity
and Minor, 1997) (Table 1).
between UAP56 and eIF4A reported here. This similarity The molecular replacement method using the eIF4A N-terminal
provides an important clue to decipher UAP56’s func- domain as a search model has found the correct orientation but not
the position for the N-terminal domain. The molecular replacementtional mechanism, although this does not rule out the
method was able to find the correct orientation and position for thepossibility that UAP56 may function to displace protein
C-terminal domain, but refinement was unsuccessful (Rfree stalled atfactors without helicase activity. UAP56’s ATPase and
42%) due to model bias. The higher similarity between the C-terminalhelicase activities need to be confirmed and their roles
domains of UAP56 and eIF4A (see the Results and Discussion sec-
in UAP56’s function in splicing and export investigated. tion) contributed to the initial success of molecular replacement in
It is relatively easy to imagine that UAP56’s function in determining the orientation and position of the C-terminal domain
but not the N-terminal domain. However, the differences betweensplicing may involve ATPase/helicase activities. Prp5
the UAP56 and eIF4A C-terminal domains, especially that in thetogether with UAP56 are the two DExD/H-box proteins
4 helix and 5/6 loop, generated enough model bias to preventrequired for the first ATP-dependent spliceosome as-
refinement from being successful.sembly step (the binding of U2 snRNP to BPS) (Ruby et
Structures of both domains were determined using the Se-Met
al., 1993). Prp5 has been shown to rearrange RNA/RNA MAD method with programs Solve and Resolve. Solve identified 19
interactions in U2 snRNA, possibly facilitating the bind- out of the total 22 Se sites for the N-terminal domain and 3 out of
the total 3 Se sites for the C-terminal domain. Orientations anding of U2 snRNP to BPS (O’Day et al., 1996). UAP56 may
positions of molecules found by the molecular replacement methodact as a helicase and rearrange RNA/RNA interactions in
(see above) facilitated model building, but models were built basedU2 snRNA, similar to Prp5. On the other hand, genetic
solely on the Se-Met MAD map. Models were built using programevidence suggests that UAP56 may function to displace
O (Jones et al., 1991) and refined using program CNS (Brunger et
U2AF65, which in turn displaces SF1 (SF1 originally occu- al., 1998) (Table 1).
pies BPS and needs to be removed before U2 snRNP
can bind BPS) (Kistler and Guthrie, 2001). There has not
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